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ABSTRACT

IdentiGcation of Dynamic Properties of Materials
for the Spent Nuclear Fuel Package at Elevated Temperatures
by
Sirisha Dusi
Dr. M ohamed Trabia & Dr. Brendan O ’Toole Examination Comm ittee Chair
Professor o f Mechanical Engineering
University o f Nevada, Las Vegas

This thesis attempts to experim entally identify the dynamic properties o f m aterials for
the spent nuclear fuel package at elevated temperatures. The im plem entation o f the
project involves a number o f steps. First, candidate materials for the nuclear fuel package
and the appropriate testing systems were identified [15]. Second, fixtures for tensile
testing at elevated temperatures using two machines, nam ely MTS and Instron Dynatup
testing machines were designed and m anufactured to make them com patible with the
room temperature fixture. Third, experimental procedures for elevated temperature
testing o f materials are proposed for the two testing machines. Finally, impact testing for
the candidate materials and verification o f these testing results using finite element
analysis is performed. Tests showed that yield and ultimate strength o f the three
candidate materials decreased with temperature. Tests also showed that strain at failure
increases with temperature for Titanium Grade 7 and Alloy 22, but decreased for Steel
316L. Verification o f these results using FEA had less than 10% error.

iii
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CHAPTER 1

INTRODUCTION
According to Reference Design Description for a Geologic Repository, [1], nuclear
waste package should be designed to contain either uncanistered spent nuclear fuel,
canisterered spent nuclear fuel, or high-level radioactive waste. Reduction in the integrity
o f the package at any stage o f transportation or storage can be hazardous to anyone in the
vicinity of the package as well as to the environm ent. Therefore, waste package should be
able to resist loads caused by im pact at room and elevated tem peratures during accidents.
The objective o f this thesis is to experim entally determine the mechanical properties o f
the candidate m aterials under im pact loading and elevated temperatures.

1.1 Background
Behavior o f materials under dynam ic loading is o f considerable interest in many
mechanical design problems. U nfortunately, mechanical engineers mostly use mechanical
properties that were measured under quasi-static conditions in their analysis. This may
result in over-design at best and faulty design in the worst case. This problem continues
to persist due to insufficient understanding o f the behavior o f different m aterials in spite
o f significant advances that were m ade recently.
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Loads can be classified either as static or dynam ic. Static loads act on the body for an
extended period without any change in the magnitude o f the load values. Dynamic loads
are time-variant loads. They can have constant or varying value for the period of time.
D ifferent types o f dynam ic loads are shown in Figure 1-1. The effect o f these loads varies
depending on the material that it is applied to. Types o f materials mostly dealt in
engineering practice are shown in Figure 1-2. Table 1.1 lists the different types o f
dynamic loading conditions and their corresponding material behavior. The mechanical
behavior o f most materials is influenced greatly by the testing temperature and, to some
degree, by the rate o f deformation.

LOADS

Static

Creep and
Relaxation
type loads,
Thermal
loads

Dynamic

Vibratory
Transient
Loads

Low
Velocity
impact
(M illisecs)

( * - Velocity
Figure 1.1

High
velocity
Impact
(Microsecs)

Hypervelocity
Impact
(Vel* > C**)

**—Velocity o f light)

D ifferent Types o f Loads
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MATERIALS

I
Geologic

M etallic

Figure 1-2

Table 1-1

Plastics

Natural
Organic,
Inorganic
& Fibrous

Composite

D ifferent Types of M aterials

Load and M aterial Interaction

Prim ary load environm ent
High and m oderate temperatures

Types o f Behavior of m aterials
under dynam ic loads
Ablation. Creep, Relaxation

Elastic range vibration or low energy im pact

Fatigue, viscoelastic, elastic

High energy vibration or im pact

Elasto-plastic

Very high velocity or hypervelocity im pact

Fluid like flow and state
transformation, e.g. Solid to gas

Fracture

Crack propagation and
environm ental em brittlem ent

Fracture

Fracture - both ductile and
brittle

Engineering axial tests are w idely perform ed to obtain the mechanical characteristics
o f the materials for a given set o f loading conditions (force, velocity, tem perature etc.).
In this type o f testing, a specimen (usually cylindrical or flat) is subjected to a continuous
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axial loading. Using strain gages and load cells, parameters like strain and load values
during the testing are recorded. From these values, stress and strain values are derived
using the standard form ulae listed below.
•

Engineering stress is the average longitudinal stress in the tensile specimen. It is
obtained by dividing the load, P, by the original area o f the cross section o f the
specimen, Aq. Its S.I units are N/m"
S =—

•

(1-1)

Engineering strain is the average linear strain, which is obtained by dividing the
elongation o f the gage length o f the specimen, by its original length, L». It has no
units.

(1-2)
4
•

True Stress is the load divided by the instantaneous area o f cross-section of the
specimen. Its units are same as engineering stress.

(7 = - ^

( 1-3)

Avuf

•

True Strain is the elongation o f the gage length o f the specim en, by its instantaneous
length o f the specimen. It has no units.

4w -

4

(W)

4ns!

•

Relation Between Engineering Strain and True Strain
g = ln(l + g)

•

Relation Between Engineering Stress and True Stress
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(1-5)

<7 —5(1

•

+ <?)

(1-6)

Strain R ate: It is defined as the rate of strain with respect to time in the material. Its
units are sec \

=

(1-7)

dt

A stress-strain curve is constructed as a result o f axial testing. This curve represents
the mechanical characteristic o f a given material. Flow curve, a commonly used term, is
the plot between true stress-true strain values of the specim en during the tension testing.
It represents the plastic flow characteristics o f the material. Any point on the flow curve
can be considered the yield stress for a material strained in tension by the amount shown
on the curve. The shape and magnitude o f the stress-strain curve o f a metal depend on
m any factors including its
•

Composition

•

H eat treatm ent

•

Prior history o f plastic deformation

•

Strain rate

•

Tem perature

•

State o f stress im posed during the testing.

1.2

Techniques To Evaluate Stress and Strain
in Tension / Com pression Testing

J.M . K rafft and H. Kolsky [16] [17] have given review s o f some o f the earlier
schemes o f measuring high strain rates. Some o f them are
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Static Loading:

In a simple tension test Figure 1-3, specim en (2) is loaded under

tension. The load readings are taken by load cell (1). The load, and the know n initial
specimen area are used to calculate engineering stress. Initial gage length and change
in length as a function o f time can be measured using the strain gages (3) and the
engineering strain can be evaluated. If uniform strain deformation is assumed
throughout the gage section, true stress and strain can he evaluated.

/— 3

Figure 1-3

•

Specim en under Static Loading

Quasi-static Loading: Figure 1-4 shows a specim en under quasi-static loading. The
load cell (1) must be small and in close contact with the specimen (2) to get useful
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data at high strain rates. The specim en itself must be small for uniform strain
distribution. It assumes that the loading members approach/depart each other with a
known velocity. If the m em bers have changes in cross-section, elastic waves will be
reflected from within causing a stepwise loading rate, which is read by oscilloscope
(3).

Figure 1-4

Dynamic L oading:

Specimen under Quasi-static Loading

Figure 1-5 shows a specim en under dynam ic loading. In this

setup, long slender elastic input (2) and output bars (3) are used. The impact o f the ram
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(4) with the input bar causes a stress wave propagating through the bar, past the strain
gage A (5),

Figure 1-5

Specimen under Dynamic Loading

where the m agnitude is measured. On reaching the specim en (1), part o f the wave is
transmitted through the ram. The magnitude o f the reflected wave can be measured in the
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output bar at gage B (6). Of particular interest is the research o f Gaudig, W., Bothe, K.,
Bhaduri, A.K.,[9] who determined an improved testing methodology for measuring the
geometric proBle and true stress/strain at elevated temperatures. The necked region o f the
specim en was continuously m onitored optically using a video camera. The video output
from the camera is fed to the personal com puter using a “frame grabber” hardware card.
After testing, the digitized images are analyzed to determine the specimen profile in the
region of necking. The intensity vs. radial coordinate plot obtained from one o f the video
images at a given axial position is used to measure the specimen diameter. Additionally,
Elwood, J. J.; Hillery, M. T. [7] used a piezoelectric load w asher placed in series with the
specimen into a water-cooled clam p so that the load readings are not affected by
temperature. Specimen elongation is m easured using an electro optical m easuring system
placed at each end o f the specimen.

1.3 M ethods o f Dynamic Tension Testing
1.3.1

Low, M oderate and High Strain Rate Testing

There are different tensile testing systems available to dynam ically load the specimen.
The choice o f equipm ent depends on the range of strain rates desired. For low
strain rates (£ < 0.1 sec"'), the tensile testing m achine typically used is as shown in
Figure 1-6 [15]. It consists of tw o heads (3) that are equipped w ith clamping m echanism s,
which are used to fix a specim en (5). The driving m echanism could be m echanical
(power screw) or hydraulic. Usually, the lower clamping head is attached to the base (4)
while the upper head is attached to a sliding bar (2), which leads it along the guides (1).
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Moderate strain rates (0.1 sec ' < g < 1(XX) sec ') can be obtained using drop weight
or pendulum testing machines [15]. This testing machine is usually used for puncture
tests o f plate specimens. A typical drop weight tower-testing machine shown in Figure 17 consists o f two major parts:
•

Fixture for holding the specimen (4) that is attached to a base (5),

Figure 1-6

#

General Tensile Testing M achine Setup (Courtesy: [15])

Tup (1) that slides along guides (3), which is used for the impact loading o f the
specimens. The tup mass can be varied to m eet different conditions of im pact loading.
The tup and an attached striker (2) are raised to the desirable height and then released

to impact the specimen. Load cells could be positioned either in the stationary part or on
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the tup. This type o f testing equipment is used to measure several variables including
maxim um fracture load, amount o f absorbed energy, displacem ent in the fracture zone
and velocities o f the striker.

Figure 1-7

General Drop Weight Tower Impact Machine Setup

High strain rate testing (g > 1000 sec'^) requires usage o f Split Hopkinson Pressure
Bar (SHPB). The m ost typical setup o f the equipm ent shown in Figure 1-8 [15] includes a
threaded specimen (4) and a split shoulder or collar (5) to protect the specimen from
initial pre-com pression. After the specimen has been screw ed into the bars (2, 3), the
collar (5) is placed over the specimen, and the specimen is screwed in until the pressure
bars fit tightly against the shoulder. The shoulder is made o f the same material as the
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pressure bars. It has the same outer diameter as the bars, and it has an inner diameter that
ju st clears the specimen. W hen the input bar (2) is struck by a striker (1) the input
com pressive wave is transm itted alm ost entirely through the collar to bar (3). W hen this
compressive pulse reaches the free end o f the transmitter bar, it is reflected as a tensile
pulse. This tensile pulse is used to load the specim en, since the collar is unable to sustain
any tensile load.

Detailed V iew A

Figure 1-8

G eneral SHPB Im pact Tensile System Setup

Other techniques used for SHPB were discussed in [3]. These techniques include:
•

The input bar is made of hollow tube in w hich elastic assembly or the specim en
weigh bar is fitted. This bar is first used in an im pact test to determine the input
condition. A second identical test is perform ed with the specimen and the inertia rod
fitted into the weigh bar tube. The loading is achieved by firing a striker to im pact
the weight bar.
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#

Specimen is screwed between two long elastic input and output rods. The rise time o f
the tension stress in the input bar is determ ined both by the im pact o f the ram with the
transm itter bars and the dim ensions o f the transfer connection. The am plified input
and output signals from the strain gauges at two ends o f the specimen are used in a
one-dimensional stress wave analysis to obtain the stress, strain and strain rate o f the
tensile loading.

#

Specimen is hat-shaped, fitting between a solid cylindrical incident bar and a tubular
transm itter bar o f equal cross section. The actual gauge section o f the tensile
specimen has four equal arms, each with a length-width ratio o f approxim ately 2:1.
The applied loading and deform ation of the specimen are derived from the strain time measurements on the radial surfaces of the elastic pressure bars using
diametrically opposed strain gauges.

1.3.2

Elevated Tem perature Testing
1.3.2.1

M ain Considerations

Testing at elevated temperature can be carried out in any usual tension testing
machine (as described above), if it has a provision o f heating the specimen, provided that:
•

The fixture and other parts on the test m achine should be tem perature and corrosion
resistant.

•

The actual tem perature should be best controlled w ithin few degrees o f the desired
temperature, where the tem perature is steady and uniform along the gage length. This
is an im portant consideration as the plastic flow o f the specimen depends on
temperature. For exam ple, if the specimen experiences local hot spots due to thermal
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gradients along the gage length, it can result in premature failure o f the specimen,
thus leading to inaccurate data.

1.3.2.2

Methods o f Heating the Specimen

Minimization o f the temperature gradients and steady temperature along the gage
length o f the specim en are greatly dependent on the heating method.
•

The multiple-zone resistance wound tube furnaces are typically used at temperatmes
greater than or equal to 300 °C (570 °F). For uniform temperature regions,
appropriate adjustm ent of pow er to each zone has to be done. If oil bath or air ovens
are used to operate between room tem perature and 300 °C (570 °F), im proved flow o f
the heated m edium and/or im proved m ixing m ay be required for uniformity.

•

Induction heating with and without susceptors is also com m only used. This may
require changes in the coil or susceptor design, while single-piece or wire mesh
heaters typically used in vacuum testing m ay require m aterial to be cut from the
heating elem ent to lessen the tem perature differences.

•

Self-resistance heating of the specimen can also be used.

1.3.2.3

Approaches for Tensile Testing
at Elevated Tem peratures

The way tensile testing at elevated tem peratures is approached depends on the testing
equipment. This is im portant as the stress waves produced due to additional testing o f the
fixture and other parts near to the specim en m ay interfere w ith the stress waves o f the
specimen, leading to misleading results. Some o f the approaches are listed below:
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•

According to M.M. Al-Mousawi, S.R. Reid and W.F. Deans [3], the long pressure
bars in SHPB make the heating o f the entire assembly im practical. In order to prevent
unwanted wave reflections from positions other than the specimen, the mechanical
impedance o f the bars must be kept constant for the entire bar. Sections o f the bars
near the specimen are enclosed in the furnace; so thermal gradients are developed in
the incident and transm itted bars. H eating the sample and a short section o f the
pressure bars and then estimating or measuring the temperature gradient in the
pressure bars.

•

Lankford [8] used short interm ediate ceram ic bars that are kept in direct contact with
the specimen inside the furnace. The Split H opkinson steel bars are placed in contact
with the cold end o f the alum inum oxide bars. Since the acoustic im pedance o f the
alum inum oxide is approxim ately the sam e as that of the steel, stress w aves pass
through their interfaces without perturbation.

•

Chiddister and M alvern [4] corrected the effect of the temperature gradient by
calculating repeated partial reflections in the heat-affected zone o f the bars.

•

Eleiche and Duffy [5] obtained a different solution by tapering the torsion bars to
counteract the thermal gradient. This method, however, requires a initial tem perature
survey and also, the tapered bars cannot be used for room tem perature tests.

•

G illat and W u (6) used the pre-stored torque to load short thin walled tubes, w hich are
attached to the bars by special adapters. A very fast heating technique was applied
using eight miniature torches equally spaced around the specimen, which took about
forty seconds to heat the specimen to 1000°C.
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#

Elwood, J. J.; Hillery, M. T. [7] used two impact hammers mounted on each side of
the flywheel for high speed tensile testing at elevated tem peratures with strain rates
ranging from 50 s-1 to 1000 s-1 and at temperatures from room to 700°C. The
hammers are placed on the periphery o f the flywheel so that they can im pact the
specimen once the desired rotational speed o f the flywheel is attained. The mom ent of
inertia of the flywheel is chosen with caution since larger m om ent o f inertia will take
longer time to speed up and sm aller mom ent o f inertia will lead to fluctuations in the
speed. Specimen with a circular cross section was m ounted between a fixed clamp
and a crosshead hy two connection bars. The specimen is heated using a induction
heater with w ater-cooled copper coil. Since the thermal conductivity o f the material
(specimen) is less than the connection bars, the flow o f heat from the specimen is
restricted.

1.4

General Effect on Flow Properties o f M aterials
by Strain Rate and Temperature

Strain rate, or the rate at which the specimen deforms, is an im portant param eter in
determining the strength o f the material. A ccording to [2], for m ost materials, strength
properties such as yield strength of the material increases at higher rates o f deformation.
At lower deform ation rates, relatively large rate changes are required to notice
considerable increase in the yield strength. But, after some critical value, strength
becomes more sensitive to rate. The sensitivity o f strain rate to elongation o f the material
is very slight.
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Temperature is another important consideration for strength o f material. The
elevated/low tem perature tests are conducted in the same w ay as the room temperature
test, except that the specimen is heated/cooled to the desired temperature. According to
[2], stress-strain curves at elevated/low temperatures have the same appearance as in
room temperature. M aterials usually becom e stronger, less ductile at low temperatures
and w eaker at elevated temperatures. Although some stable alloys exhibit increased
ductility at elevated tem peratures, the general behavior o f m ost materials greatly varies.
The prim ary cause for the behavior is the effect of tem perature on the slip. The behavior
of materials w ith respect to hom ologous tem perature is also studied in [2], (Homologous
temperature is defined as the ratio o f the test temperature to the melting point o f the
material with both tem peratures expressed in degrees Kelvin). At low temperatures (0.3
times the hom ologous temperature), the strain hardening mechanisms such as dislocation
interactions and pileups, increase the load required for continuing deformation. But the
specimen fractures once the local stress concentration at these dislocations or pileups
exceed the fracture stress. At higher tem peratures (0.3 to 0.5 times the hom ologous
temperature), therm ally activated processes such as multiple slip tend to relax the local
stresses and thus decreasing the strength of the material.

1.5

M aterial Behavior with Elevated Tem perature Testing

Researchers [10] showed the behavior o f m ild steel under the influence o f strain rate
and temperature. The authors did tensile tests for room temperature, 2 0 0 ,4 0 0 and 600 °C,
at rates of strain, which vary from 10"^ to 10^ per sec. Yield strength, ultimate strength
and the elongation are dependent on rate o f straining for entire range o f strain rates. The
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ratio o f yield to ultimate strength varied from 50% at lowest rate to 95% at highest rate.
The author also plotted yield stress and ultim ate stress values as a function of
temperature. (0-400°C), with strain rates 8.5e-4, 0.5, 300 per sec. The peaks o f the
ultim ate strength shifted towards higher tem perature at high strain rates. Yield Strength
shifted very little with temperature and increasing strain rates. At very high speeds, peaks
o f yield and ultim ate strength occur at practically the same temperature.
S.S Manson and U. Muralidharan [14] demonstrated that the creep mte o f 316 SS is
low er hy a factor o f 2 to 10 in com pression than in tension, if microstructure of the
specimens tested is same and tests are conducted at identical temperatures and equal and
opposite stresses. The results show that constitutive relations cannot be developed at 705
C (1300 F) based on the assumption that tensile and compressive creep rates are equal at
the same stresses and temperature. To m aintain the same creep rate at com pression and
tension, it is necessary to increase the com pressive stress by only small amount. [14]
They also perform ed two types o f therm o-m echanical loading. In the first type, the strain
and tem perature are cycled in phase so that high temperature and tensile stress are
obtained simultaneously. In the second type o f loading, the strain and tem perature are out
o f phase, producing com pressive stresses. These tests were conducted to see the response
o f stresses as a function of tem perature during the in-phase and out of phase loading. The
fact that com pressive stresses reached are larger than the tensile values, verifies that creep
rates are low er in com pression than in tension. It was concluded that it is im possible to
com pare specimens in com pression to tension, though they are subjected to same
temperatures.
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Researchers [11] studied that the true stress-true strain properties of com mercially
pure titanium from +800°F to

-3 1 9 °F at strain rates 0.001- 0.1 per min. At room

temperature, tensile strength increases from 61,000 Psi at 0.001 per min to 109,000 Psi at
3e03 per min. Over the same range o f strain rates, true stress at maximum load increases
from 76,000 Psi to 127,000 Psi. Ductility, as measured by elongation, decreases with
increasing strain rate from 35% to 26%. However, over the same range o f strain rates,
there was no appreciable change in the percent reduction in area. The effect o f
temperature on tensile strength, tm e stress at maxim um load, and ductility at 0.001 per
min is: Tensile strength decreased from 60,000 Psi at 100 °F to 30,000 Psi at 800 °F.
True stress at m axim um load decreased from 80,000 Psi at 100 °F to 40,000 Psi at 800
°F. The ductility decreased from 30% at 100 °F to 20% at 800 °F. Reduction in area
increases. True strain at m axim um load at 0.001 per min as a function o f temperature
from 0 °F to 550 °F, at first increases and then decreases.(the values are approximate and
derived from the graph).
Another researcher [12], showed the effect o f material properties of TiAl(FL) at a
range of strain rates(100 - 800 per sec) under im pact loading. All specimens fractured
before they were plastically strained to 0.2%. It is concluded that TiAl(FL) is strain rate
sensitive and exhibits high velocity ductility under tensile impact. This means that higher
the strain rate, the larger is the critical strain in maxim um stress o f TiAl(FL). Also,
ultimate tensile strength and failure strain are perfectly linear with strain rate. Elevated
temperature tensile behavior o f Ti-25Al-lONb-3v-IM o was carried by [13]. Tensile
testing of both round and flat specimens in vacuum was done from 25°C to 650°C, for
three different microstructures (10/F,0/F,0/C).Yield strengths dropped by approx 30%
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from room temperature to 450°C, where they remained constant to 650°C; after 650°C ,
they began to fall again. Ultim ate tensile strengths fell continuously with temperature.
Plastic elongation to failure for m icrostructures 10/F remained approximately constant at
values around 30% in temperature range 450°C to 750°C. In this same temperature range,
the reduction o f area increased from 45% to 75%(approx). A similar trend was observed
in microstructure 0/F, where the plastic elongations also rem ained near 30%. However,
the reduction o f area values ranged from 35- 85%
dem onstrated increasing elongation

(approx). M icrostructure 0/C

> 30% at 600° C, after which the elongation fell

discontinuously to a value o f 20%(approx) at 650° C. Reductions o f area for
microstructure 0/C paralleled the trend in elongation and were significantly low er than
those observed in m icrostructures 10/F and 0/F. The true fracture stress and strain for
microstructures

10/F and 0/F as a function o f tem perature are evaluated. Each

microstructure exhibited approxim ately 50% higher true fracture stress at 450°C than at
room temperature. These values remain nearly constant to 600°C and then drop
precipitously above this temperature. Additionally, there appears to be a dependence of
the true fracture stress on strain rate above 600°C in.m icrostructure 10/F. The fracture
stress at slower strain rate, 10^ per sec, was approx. 6(X) MPa lower than at 10 " per sec
in this tem perature range. The true fracture strain increased with the tem perature for
m icrostructures 10/F and 0/F. This increase was nearly linear for microstructures 10/F,
but it appeared parabolic for m icrostructure 0/F. The true fracture strain increased for
microstructure 0/C to 600°C, after which it dropped by nearly 40% at 650°C. [12] also
analyzed the variation o f strain hardening exponent in two strain regions (0.01<e<0.1 and
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e>Eu where

is the uniform elongation). For this, the engineering stress- strain curves

were converted to true stress-strain curves. Strain hardening exponents were determined
from these curves by fitting the data to a H ollom an equation describing pow er law
hardening, where e=e (e) + e (p).
G= K* e".

(1-8)

W ithin each microstructure, there did not appear to be a large variation in n with
strain rate below 650° C. In general, the n value for the higher crosshead speed was
slightly higher than, or equal to. The n value m easured above 600°C for m icrostructure
10/F were greater at the higher strain rate than at the lower strain rate.
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1.6 Objectives o f the Research
W hile low and moderate strain rate testing at elevated temperatures has been
conducted for a number o f years, there are no documented data on candidate materials
sim ilar to those o f mechanical properties under quasi-static loading. Search o f references
for mechanical properties for candidate m aterials o f the spent nuclear fuel package such
as. Stainless Steel 316L, Titanium AUoy Grade 7, and Alloy C22 [1] obtained under high
strain rates and elevated tem peratures failed.
This thesis aims to create an alternative technique for determ ination o f material
properties under high strain rates and elevated temperatures. The scope of the research is
focused on determ ination o f the following mechanical properties o f above listed
materials:
•

Yield Strength

•

Ultimate Strength

•

Strain at Yield stress

•

Strain at Ultimate stress

•

Total elongation
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CHAPTER 2

MATERIALS A ND EQUIPMENT
In this chapter, chemical and mechanical properties for the nuclear waste package are
identified. Since this research is a continuation o f [15], the specim en type and the testing
m achines were the same. The two tensile testing machines that were selected to test the
specim en at different strain rates and tem peratures were based on the values o f maxim um
load and m axim um energy needed to break the specimens. Also, the two machines can
operate within the desired temperature range (Tem perature T < 350°F).

2.1.Nuclear W aste Package Candidate M aterials
This project studies several materials that are selected by the Department o f Energy
for the design o f a nuclear waste package [1]. The list includes Titanium alloy Grade?,
Stainless Steel 316L and Alloy 22. Typical chem ical com position of the materials and
some o f their properties are provided in the Tables 2-1 through 2-3.
Titanium A lloy Grade 7 has low density and high strength-to-weight ratio. It is
considered one o f the best m aterials for m any corrosive chemical environm ents,
including oxidizing chloride solutions, seawater, and chlorine-based bleaches, [21].
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Grade 7 is palladium alloyed CP titanium , w hich has very good resistance to crevice
corrosion. Besides its excellent mechanical properties, it has good formability. One of
the m^or industrial applications for titanium is in heat transfer applications. They are
extensively used in pow er plants, refineries, chemical plants, offshore platform s and
submarines. Table 2-1 provides the chem ical com position o f titanium alloy grade 7. The
data is obtained from the m anufacturer’s specification.

Table 2-1

Chem ical Com position o f Titanium Grade 7

Elem ent

%

Aluminum

-

Vanadium

-

M olybdenum

-

Nickel

-

Hydrogen

0.0045

Nitrogen

<0.010

Carbon

0,01

Palladium

0.17

Oxygen

0.1

Iron

0.05

Titanium

Balance
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Steel 316L is a m olybdenum -bearing austenitic stainless steel. This material is more
resistant to general corrosion and pitting than many conventional chromium-nickel
austenitic stainless steels such as type 304, [22]. This alloy also has a higher creep, stressto-rupture and tensile strength at elevated temperature. In addition to high corrosion
resistance and strength properties Steel 316L has excellent m achinability and formability.
Table 2-2 provides the chem ical com position for Stainless Steel 316L. The data is
obtained from the m anufacturer’s specification.

Table 2-2

Chem ical Com position o f Stainless Steel 316L
Element

%

Carbon

0.023

Sulfur

0.026

Phosphorus

0.027

Nitrogen

0.049

Silicon

0.42

M anganese

L52

M olybdenum

2.09

Chrom ium

17.10

N ickel

10.46

Copper

0.38

Cobalt

0.13

Iron

Balance
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A lloy 22 is a N i -Cr-Mo alloy that provides good resistance to pitting, crevice
corrosion and stress corrosion cracking [23]. The combination o f Cr, Ni, Mo, and W
provides very good resistance to oxidizing and reducing environments. This alloy poses
high strength, good ductility, excellent welding and form ing characteristics. Table 2-3
provides the chem ical com positions for A lloy 22. The data is obtained from the
m anufacturer’s specification.

Table 2-3

Chem ical Com position o f Alloy 22

Element

%

Carbon

0.0004

Sulfur

0.004

Silicon

0.03

Vanadium

(116

Cobalt

0.96

Tungsten

2.94

Iron

3.87

M olybdenum

13.30

Chromium

21.40

Phosphorus

0.011

Manganese

0.24

Nickel

Balance
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Mechanical properties o f these materials is provided in Table 2-4. From the
references for Stainless Steel 316L [21], Titanium alloy Grade7 [22] and A lloy 22 [23],
the modulus o f elasticity of the m aterials is obtained. Other mechanical properties are
obtained from m anufacturer’s specifications.

Table 2-4

M echanical Properties o f Selected M aterials
Titanium alloy

Stainless Steel

Grade?

316L

Yield Strength (psi)

46.70 10'

86.30 10^

47.00 lO"*

Ultimate Strength (psi)

68.60 10^

lOl/W lO^

108.00 10^

Strain at Fracture (%)

35.90

42.00

66.00

Young's Modulus (psi)

15.00 10^

29.00 10^

30.00 10^

M aterial/Properties

Alloy 22

2.2 D escription o f the Equipm ent
2.2.1

Description o f the MTS Tensile Testing M achine

M TS tensile testing equipm ent is used for carrying out tensile and torsion tests of
materials. The M TS testing system is com posed o f a number o f integrated systems [19],
as shown in Figure 2-1. It includes a load frame (1), a load unit control panel (POD) (3),
grip supply (4), temperature controller (6), strain gage conditioner (5), computer (2),
control box (7), hydraulic service m anifold (8), hydraulic pum p (9) and an environm ental
chamber (10).
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The hydraulic grip supply is used to apply gripping pressure to the specimen during a
test. Loading and unloading a specimen is accomplished with the four knobs on top. A
dial indicator inside the cabinet displays the current gripping pressure. The pressure is
controlled by a combination o f air and hydraulic fluid. The maximum gripping pressure
(6500 psi) o f this supply unit can easily crush many soft materials. It is necessary to
check the desirable gripping pressure before installing the specimen. View of the
installed machine is shown in Figure 2-2.

Figure 2-1

MTS Tensile System Components
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0

Figure 2-2

MTS Tensile System.

The top o f the grip supply is shown schem atically in Figure 2-3. The four knobs
shown are used to operate the grips. The two knobs on the right are used to open and
close the low er grips. The two knobs on the left are used to open and close the upper
grips. The grip/release procedure is described as part o f the Implementation Procedure in
Chapter 4 o f this work.
The MTS Control Unit houses all the electronic signal conditioners and controllers
for the hydraulic components. It is the piece o f hardware that links the computer, testing
machine, grips, and hydraulic supply altogether. The H ydraulic Service M anifold
regulates supply to the actuator and grip supply unit. The Hydraulic Pump represents the
pump and the reservoir for the hydraulic system.
The hydraulic wedge grips hold a set of custom ized blocks for mounting threaded
specimen samples. Figure 2-4 shows m ajor com ponents o f the MTS load frame, which
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includes an adjustable crosshead (1), Axial/Torsional Load Transducers (2), Wedge Grips
(3), Crosshead Controls (4), LVDT (5), ADT (6), Linear Actuator (7), Rotary Actuator
(8)

and Environmental Chamber (9). Load Frame Specifications o f the MTS

Tensile/Torsion material testing system are presented in the Table 2-5.

Upper Grip

Figure 2-3

Lower Grip

Hydraulic G rip Supply Controls
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1- /

Figure 2-4

Load Frame Com ponents o f MTS Test M achine
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Table 2-5

Load Frame Specification o f MTS Test Machine

MTS tensile system parameters

Values

W orking D imensions

25 inches wide by 57.6 inches high

Axial Load Transducer

55,000 Ibf

Torsional Load Transducer

20,000 in-lbf

Linear Actuator

±3 in, m easured with an LVDT

Rotary Actuator

100° static rotation (± 50°), measured with an
ADT, 90° dynamic rotation (± 45°)

Frequency Rating

The axial and rotary actuators are controlled by
separate servovalves. M axim um frequency will
vary with specim en stiffness.

Each actuator has two control modes. The linear actuator can be controlled by force
or displacement. These controls can be operated autom atically by the com puter or
manually by using the POD. The rotary actuator can be controlled by torque or angle.
These controls can also be operated autom atically by the com puter or manually by using
the POD. The POD elements are shown in Figure 2-5.
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Figure 2-5

The Load U nit Control Panel (POD) o f M TS Test M achine

The Load Unit Control Panel shown in Figure 2-5 includes the following
components: emergency stop button (1), Display (2 windows) which are toggled on/off
with the "Next Pane" button (2), display controls (3), test controls, which are duplicated
on the computer screen, interlocks (4), Interlocks (5), power control for main pump (6),
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pow er control for service manifold (7), linear actuator control (8), and rotary actuator

conütd(9X
The MTS high temperature environmental chamber (9) with model no. 652.02 is
designed for low -cycle fatigue, fatigue rack growth, and fracture toughness testing at
temperatures from 200 °C up to 1000 °C. The furnace is configured with two independent
heating zones to im prove the tem perature gradient across the test specimen. A viewing
window is available to m onitor the specim en during the test. Specifications o f this
chamber are listed in Table 2-6.

Figure 2-6

M TS Environmental Cham ber
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Table 2-6

Specifications o f M TS Environmental Cham ber (M odel No. 652.02)
Specification

Value

M axim um Tem perature

1000°C

Minimum Temperature

200°C

Control point stability

+/- 1°C

Overall Height

260m m (10.25 in)

Hot zone height

210m m (8.25 inehes)

Hot zone width

125mm (5 inches)

H ot zone depth

125mm (5 inches)

Number o f zones

2

Utility Specifications: 2 KVA @ 100-125 or 200-240 VAC, 50-60 Hz
This material testing system uses TestStar data acquisition software that collects the
readings of the load cell and the displacement reading o f the actuator with user specified
frequency. TestStar software allows setting up a step-by-step testing procedure of the
experiment. This command routine usually specifies sueh param eters of the machine as
velocity o f the actuator, load application rate, final elongation, duration o f the
experiment, “stop test” criteria and other test procedure related parameters. M TS data
acquisition software allows saving the data file on any com puter storage m edia in the
Excel com patible file format. The M TS testing m achine has a load cell calibrated for
axial testing up to 55,000 Ibf. The accuracy o f the machine is adequate for the testing
required for this project.
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Equipm ent provided with the m achine did not include an appropriate fixture for
testing o f threaded cylindrical specimens. Designing and manufacturing of such a fixture
will be presented in Chapter 3.

2.2.2 Description o f the Instron Dynatup Impact
Test Machine
An impact testing machine was selected for the purpose o f dynamic tensile testing
using the maximum energy selection criterion. Using obtained data, a number o f different
conventional im pact systems were evaluated. Instron Dyantup 8250 testing m achine was
accepted for the impact testing with moderate strain rates. It satisfied required energy
dem ands of the tensile testing and the range o f tem peratures o f interest.
Instron D ynatup testing equipm ent is a drop weight type o f im pact testing system. It
consists of a number of elements that are shown in Eigure 2-7. The prim ary com ponents
o f the Instron Dyantup 8250 impact testing m achine, [23], include a weight (1), load cell
(2), striker (3), tup guides (4), brakes (5), environm ental cham ber (6), control panel (7),
com puter with data acquisition system (8), specim en support fixture (9), “flag” that is
used to start the data collecting process (10)
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'^ 0

0

Figure 2-7

^ 1

Instron D ynatup 8250 Im pact Test M achine Components.

and a stationary trigger m echanism (11) that sets a signal to data acquisition board
once the “flag” passes through it.
Different set up options of the equipm ent allow running im pact tests in gravity driven
mode and with pneum atic assist. This along w ith variation o f the weights that can be
changed from 5.5 lbs to 10, 25, 50, 75 and 100 lbs using a num ber o f additional m ounting
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plates provides considerably flexible access to different levels o f energy and velocity
output o f the equipm ent. M axim um and minimum values o f velocities and energies for
each o f the main working modes o f the Instron D ynatup 8250 im pact test m achine are
presented in the Table 2-7. View o f the installed m achine is presented in Figure 2-8.

Table 2-7

Characteristics of Instron D ynatup Testing M achine
Gravity-Driven

FhreumaticaUy-Assisted

W orking Parameters
Min

Max

M in

Max

Impact Energy (Ibf in)

6.00

2,688.00

6.00

7,440.00

Impact Velocity (in/sec)

24.00

144.00

24.00

528.00
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i

Figure 2-8

Instron D ynatup 8250 Im pact Testing Machine.

The Instron Dynatup environm ental cham ber (6) allows for the physical testing o f
m aterials in either a high or low tem perature environm ent. The unit features a rem ovable
side panel that houses the blower, heating, and cooling systems as well as all electrical
connections that run to the rem ote control unit. The temperature within the cham ber is
controlled by a microprocessor based controller [30] .It has two output controls for both
types o f heating. Heating o f the cham ber is accom plished by means o f a 1.3 kW open coil
heater since it provided a quick response to controller demands. It is installed in such a
w ay to avoid direct radiation to the specimens. The cham ber is also provided w ith an
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expendable gas cooling system, which utilizes either liquid nitrogen or liquid carbon
dioxide. The low est temperature the cham ber can handle is -1 0 0 F.
Specifications o f the chamber:
#

Dimensions:
o

Outside Dimensions:
18.75"W (47.625cm)x24.5"H(62.23cm)x21.5"D(54.61cm)

Inside Dimensions: 11.5"W (29.21cm )x 17.5"H(44.45cm) x 18.5"D(46.99cm)
Temperature Control: -60°F (-50°C) to 4-350°F(175°C)
•

Utilities Requirements: 120 V AC/ IP H / 60H z/ 15Amps

The environm ental cham ber is provided with a Eurotherm M odel 808 m icroprocessor
based controller. The upper part o f the controller displays the m easured value (1) and the
low er part of the controller displays the setpoint temperature within the cham ber (2). The
set point value m ay be changed by using the up and down arrow keys. The controller
parameters are set at the factory for the optim um performance o f the system. The A/M
button is to set either automatic or manual m ode o f operation. In the case o f this project,
automatic mode o f operation is the normal mode o f operation.
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OPl

□

0P2

□

Enable

Figure 2-9

Eurotherm 808 C ontroller of Instron Test M achine

The light against O P l will light up if it is heating and OP2 lights up if it is cooling.
The lower four buttons are to enable the heating or cooling. FAN is used for circulation
of air within the cham ber. EN A BLE is used to start the heating or cooling process.
This machine uses a load cell calibrated to the load o f 5000 Ibf. The data measured
by the load cell is collected by the data acquisition system. The Instron Dyanatup drop
weight testing machine incorporates 930-1 data acquisition software. This software allows
creation of custom test setup, test reports and export data files. The software that records
4096 data points within the given time frame o f the experim ent allows quickly obtaining
curves o f load, time, velocity, or deflections right after the test. Using the set-up
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procedure, a number o f different tests can be arranged. The tests can be conducted in
gravity mode and using a pneum atic assist. The form er allows increasing velocity o f the
tup to 528 in/sec. Selection of the m ode as well as selection of automatic tup return to the
preselected height is done with the help o f control panel shown in Figure 2-10. The
Control panel is also used to lunch the tup to run the impact test.

A U T O /M A N

O R A V -'PN t'.i;

C1ÆAK

ON/OFP

PNEUMATIC
CLAM P

ARM-CLAMP

Figure 2-10 Control Panel o f Instron Test M achine

There are a few options for triggering the m echanism of data collection. One o f the
m ost convenient options is the ‘Flag trigger m ode’. This type o f data collection triggering
initiates data collection process when the second leading edge o f the double- edged ‘flag ’,
shown in the Figure 2-11, passes through the ‘V elocity D etector’, shown in Figure 2-12.
This option o f data colleetion initiation allows not only starting the data acquisition
system right before the collision o f striker and the specimen but also allows obtaining
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velocity o f the tup prior to the impact, which in turn is used to calculate the displacement
and energy.

Figure 2-11

Instron D ynatup 8250; Close Up View o f the ‘flag’

• '.'/.VA".'/.

••

Figure 2-12 Instron Dynatup 8250: Close Up View o f the ‘Velocity D etector’

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

44
A built-in security system prevents running the equipm ent w ith an open access door.
Safety “H” bar is used when installing and uninstalling the specimens.
Despite of the availability o f many convenient features, this im pact m achine could
not be used for the im pact tensile testing o f cylindrical specim en without certain
modifications. Original design o f the machine and the clamping fixture that was provided
by the manufacture was designed for puncture test o f plate type specimens. This fixture
could not be used for the tensile testing. An original fixture was designed and fabricated
to meet all the requirem ents of the testing in the environm ental cham ber for this project.
Designing and m anufacturing o f such a fixture is described in C hapter 3.
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TEST FIXTURE DESIGNS
The fixtures that came w ith the Instron and MTS testing equipment were not
compatible to test the dog bone shaped specimens. Customized fixtures had to be
designed to fit the testing m achine and be able to hold the specimens of this project. The
design criteria for both fixtures included fixture simplicity and minimal assem bly time.
Steel 1045 Annealed material is chosen for the M TS fixture and Steel 4130 m aterial is
used for Instron fixture design. The m echanical properties o f this material, [24], are
presented in the Table 3-1.

Table 3-1

Fixture Material

Fixture M aterial Characteristics

U ltim ate Stress
(Su)

Stress values in psi
Yield Stress
Young’s Modulus
(Sy)
(E)

Steel 1045 Annealed

108.9 10^

74.84 10^

27.00 10^

Steel 4130 Annealed

81.2 10^

52.2 10^

29.00 10^

3.1.Evaluation o f the Specimen
The geometry of the specimen used in the project is presented in the Figure 3-1 [15].
All

parameters

of

the

part

are

presented

in
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Figure 3-1

Table 3-2

Specimen Used in the Project

Parameters o f the Selected Specimen

Characteristic dim ensions o f the specimen

Values

Cross section area o f the speeim en within the gage length

As = 0.012 in2

Cross section area o f the threaded part of the specimen

At = 0.049 in^

M ajor diameter o f the threaded part o f the specimen

d = 0.25 in

M inor diam eter f the threaded part o f the specimen

dr = 0.189 in

Length o f the threaded part

t = 0.292 in

Length o f the specimen

Ls = 1.15 in

Pitch of the threads

p = 0.05 in

3.2 M TS Fixture Design
Design Criteria:
a. The specimen m ust be placed in the middle o f the environm ental cham ber to be close
to the heating element.
b. Must be compatible with the machine gripping blocks, which hold the entire fixture
firmly and align them with respect to the crosshead.
c. The fixture m ust be easily rem ovable from the rest of the components.
46
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W ith the above criteria, the fixture is designed as shown in Fig 3-2. The figure shown
below is only one-half o f the fixture for clarity.

The various parts in the figure are

Specimen (A), Adapter (B), Pin (C), Grips (D)

c

^

Figure 3-2

One half o f the M TS fixture design

47
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3.3 Instron Fixture Design
Design Criteria:
a.

Since the Instron is used for impact loading, a large amount o f force is applied in a
short duration o f time. Thus, the supporting fixture must be rigid enough to resist the
impact loads.

b. The height o f the entire fixture m ust be such that it gives enough clearance for
maximum deflection o f the tested specimen.
c.

The fixture design should be close to the room temperature test fixture designed by
Zabotkin [15] to reduce m anufacturing tim e and increase eompatibility.

d. The components should be easy to m anufacture.
W ith the above criteria, the Instron fixture was designed as shown in Fig 3-3. The
various components are supporting body (A), plate (B) and specimen holder w ith four
colum ns (E) from the previous design, specim en (C), upper cylinder (D), transm itter (F),
a set o f four bolts (G). The significance o f the upper cylinder is to provide the appropriate
height for the specimen for m axim um deflection before the striker reaches the brakes. In
other words, it gives the clearance for m axim um deflection to the speeimen: The details
o f this analysis is described in A ppendix II.

48

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

49

4

V B

Figure 3-3

Instron Fixture Design
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3.4 Fixture Analysis
The fixture is designed such that it should not exceed its yield strength during the
testing.

A simple analysis is perform ed to evaluate for the fixture design. The smallest

cross-section o f the fixture is taken and static analysis is performed. The maximum load
applied to the fixture is the load required to break the specimen. Equation 3-1 gives the
load required to break the specimen, where Su stands for the ultimate strength of material
and As stands for cross-sectional area o f the specim en in the gage region. Coefficient n is
the approxim ate relation between the static and dynamic values o f yield and ultimate
strengths
f =

(3-1)

From the Literature review in Chapter 1, it is noted that w ith the range o f strain rates
and tem peratures under consideration, the yield and ultimate strength of the materials do
not exceed 100%. So, a value o f 2 for the n value is a reasonably good approximation.
The load values for breaking the specimen made o f the three candidate materials chosen
for this project using the values given in Chapter 2 are shown in Table 3-3

Table 3-3

Load to Break the Specimen

Material

Titanium Grade 7

Stainless Steel 316L

Alloy 22

Load (lb)

1,684

2,489

2,650

50
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3.4.1 MTS Fixture
For MTS fixture design, the sm allest area is the area o f the adapter where the pin is
loaded.
A rea o f the cross section (A) = 1.215 in2
Load applied (P) = 2650 lb
Stress induced in the cross section is (S) = 2.2 ksi
Since the cross-section has a hole and is pin loaded, the stress concentration factor
has to taken into account. For this case. Stress concentration factor (KO = 3.4
M axim um stress including Kt = 7.4 ksi
Yield strength o f the material (Sy )= 74.84 ksi
Factor of Safety = 10

3.4.2 Instron Fixture
For Instron fixture design, the smallest area is the area o f the colum n o f the specimen
holder.
Area o f the cross section (A) = 0.1256 in^
Load applied (?) = 2650 lb
Stress induced in the cross section (S) = 21.0 ksi
Yield strength o f the material (Sy) = 52.2 ksi
Factor of safety = 2.5
In both the cases, the fixture will not yield during the testing.

51
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CHAPTER 4

TESTING PROCEDURES
This chapter presents the procedures for tensile testing within the environm ental
cham ber of the Instron test machine. This inform ation is based on m anufacturer supplied
equipment manuals as well as experience gained through num erous testing of specimens.

4.1

Instron D ynatup Testing Procedure

In order to conduct a set o f tensile tests at moderate strain rates and obtain quality
data, a testing procedure m eeting all the requirements o f the UNLV Yucca M ountain
Quality Assurance departm ent had to be developed [31]. This chapter presents the final
sequence of com m ands that was developed for the experimental part of the project that
involved operation o f Instron D ynatup 8250 test maehine and its data acquisition
software 930-1, [26], [27], [28], and [29].

4.1.1
#

Using the D ynatup 930-1 D ata Acquisition Software

Power up sequence

Power up the 930-1 system in the following sequence:
1. Instron Dynatup 8250 m achine
2. Pneumatic Rebound Brakes

52
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3. Environm ental Cham ber Control M odule
4. Signal Conditioner
5. Computer
However, there are sensitive amplifiers connected to the channel inputs found on the
back of the Signal Conditioning (SC) Unit. Whenever a connecting cable is to be
removed or replaced, power to the SC Unit must be disconnected by unplugging the
pow er supply cord at the power supply.
#

Global system settings
There are a num ber o f higher-level system settings that are associated with hardware

com munication or software look and function. The settings options are located in the File
menu.
#

Setting up "Configuration" menu.

1.

Set A/D board to “single” .

2.

Set A/D address to “200” .

3.

Set SC unit port according to the port o f connection; it is

4.

Set File path to actual directory pathways on local PC drives or company network

either C om l or Com2.

drives.
5. After com pleting the settings in Configuration dialog window check the installation
to verify that the 930-1 software is communicating with the A/D board and the SC
Unit.
#
1.

Configuring "Setup" menu
Assign a title or brief description o f the test in the “D eseription” window; it will help
later to identify the setup.
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2. Choose "Tower" in the test type.
3. Input the total weight of falling crosshead (weights, tup, bolts, etc) in the “H amm er
weight" window.
4. Select 5 msec time range in “Tim e range” window.
5. Choose “flag” in the trigger mode section.
•

Setting up “Channel 1” menu

1. Select “Tup” in the Signal source window.
2. Select 4 KHz frequencies in the Filter window
3. Input the value o f maxim um load for the tup in the “M axim um load” window. This is
5000 lb. for the tup used in this project.
4. Input the value o f a calibration factor that m ust be taken from the calibration sheet of
the load cell according to the load range selected below. The load ranges on the
calibration sheet are different from the load ranges shown in the software. Choose the
calibration factor that coincides w ith the closest load range on the calibration sheet.
5. Input the value o f the load range.
6. Leave other options with the default selections.
•

Setting up “Channel 2” menu

I. Channel 2 is set to "off" unless other data acquisition device is used.
Save all the settings, and exit the setup and configuration menus.

4.1.2 Installation and U ninstallation o f Impact Specimen.
Specimens are placed in individual labeled containers. The user must not have more
than one specimen out o f containers at the same time. After a specimen is tested, it should
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be placed in a container w ith notes indicating date, material, specim en number, and other
relevant inform ation needed for future identification.
#

Installing the specimen

1. M ove the crosshead upward by pushing and holding in "UP" button on the control
panel while testing machine is set in the "Manual mode".
2. Open the glass door o f the testing machine and install "H" safety bar.
3. Screw one end o f the speeim en in the “transm itter” part o f the fixture.
4. Insert the free end o f the specimen in the round opening o f the “holder” and attach an
“Insert” part of the fixture to the free end o f the specimen.
5. Position the “Insert” in the “H older” so that “transm itter w ill be perpendicular to the
side walls o f the testing machine.
6. Uninstall the “H” safety bar and close the door.
7. Lower the crosshead till the striker rests on the transmitter
8. Loosen the two screws o f the velocity detector to align the low er edges o f the velocity
detector and the flag (Figure 4-1). Ensure that the velocity detector is horizontally
aligned with the flag using a level. Tighten the two screws again.
9. Raise the crosshead to allow reinstallation of the “H” safety bar.
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Velocity Detector Block
(Side View)

Double Edge Flag
(Front View)

Alignment Plane o f the Velocity Detector Block and the Flag.

Figure 4-1

•

Flag -V elocity Detector Alignment Setup

Uninstalling the specimen

1. M ove the crosshead upward by pushing and holding in “U P” button on the control
panel while testing machine is set in the “M anual mode” .
2. Open the glass door of the testing machine and install “H ” safety bar.
3. Rem ove the “Transm itter” and the “Insert” parts o f the fixture from the working area.
4. Uninstall the “H ” safety bar and close the door.
5. Remove the parts of the broken specimen from the “Transm itter” and “Insert” .
6. Follow the “Installation” section to continue with the next test

4.1.3

Heating The Cham ber and the Specimen

Once the above hardware settings are done, the cham ber has to be set to the desired
temperature. N ote: To stop heating, either return the set point to ambient temperature or
switch off the FAN.
1. To set the tem perature of the cham ber
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As noted earlier, the cham ber controller handset is turned on along with the temperature
control unit. The unit has two digital displays:
a.

The upper one displays the current tem perature o f the chamber.

b. The lower one displays the set point (temperature).
1. Select the desired set point temperature on the handset using the U P and DOW N
buttons.
2. Press the FAN button ON.
3. Press ENABLE to begin heating the cham ber and the specimen
4. Follow Table 4-1 to determ ine the m inim um required tim e for reaching the desired
temperatures o f the specimen.

Table 4-1

M inim um R ecom m ended Time for Specimens

Set Point Temp T

Tem p Attained °F

Titanium Gr7

175

172

90

Titanium G r 7

350

344

180

Steel 316L

175

172

80

Steel 316L

350

344

160

Alloy 22

175

172

75

Alloy 22

350

344

150

M aterial

Time in M inutes

These recom mendations are based on adding a factor o f safety to the longest
recorded testing time for the three materials. Experim ents show that the temperature
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deviation is not affected if the specimen stays for a longer time than what is specified in
Table 4-1 in the cham ber before testing.

4.1.4

Operating The Instron D ynatup 8250-1 Testing M achine

The Instron Impact test m achine can be operated in both gravity-driven and
pneum atically assisted modes. In the gravity mode, you can drop the crosshead from any
height in manual or automatic mode. When gravity mode operation is automatic, the hoist
returns the crosshead to the position o f the height limit m agnet mounted on the height
scale.
•

To operate the 8250 m achine in gravity-driven manual mode:

1. Attach the desired weight to the crosshead.
2. Set the top control pendent switches to M AN and GRAV. If pneum atic clamp is
installed, set the clam p on/off switch to ON.
3. Remove any tools, other foreign objects, and the safety “H” bar from the enclosure
and close the doors. The ARM button illuminates.
4. Position the crosshead at the desired height using UP and D OW N buttons'.
5. Press and hold the ARM button. The audible alarm sounds and the pneum atic clamp
(if installed) closes.
6. W hile still holding the ARM button, press the FIRE button. The latch hook opens
allowing the crosshead to fall and strike the specimen.
7. Press the D OW N button to retrieve the crosshead. The latch m echanism stops
automatically and engages the crosshead.
8. Press the “U P” button to raise the crosshead to the desired height.
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9. Insert the safety “H" bar and remove the specimen.
To operate the 8250 machine in gravity-driven automatic mode;
1. Attach the desired weight set to the crosshead.
2. Set the control pendent switches to AUTO, GRAV and, if a pneumatic clamp is
installed, set the clam p ON/OFF switch to ON. W hen the AUTO switch is pressed,
the crosshead automatically rises to the height determ ined by the magnetic switch.
3. Set the pneumatic assist air pressure using the regulator on the top of the rear motor
enclosure.
4.

Rem ove any tools, other foreign objects, and the safety “H ” bar from the enclosure
and close the doors. The “ARM ” button illuminates.

5. Press and hold the “ARM ” button. The audible alarm sounds
6. W hile still holding the ARM button, press the “FIRE” button. The latch hook opens
allowing the crosshead to fall and strike the specimen.
7. The latch assem bly automatically retrieves the crosshead and raises it back to the
height o f the magnetic switch.
8. Insert safety “H ” bar.
9. Rem ove the specimen.
To operate the 8250 testing machine in pneum atically-assisted manual mode:
If the m achine is used in the pneum atically assisted mode, the crosshead is
pneum atically accelerated to higher velocities than what can be achieved in the gravity
driven mode. The crosshead must be in the top position for pneum atically assisted drops.
As a result, when pneum atic mode operation is automatic, the hoist returns the crosshead
to the top position. When the crosshead is pneumatically assisted, one can operated the
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M odel 8250 either manually or automatically. Please rem em ber to install the “H” bar to
prevent the crosshead from falling before w orking within the safety enclosure. The shock
absorber assemblies m ust be installed when operating the pneum atically assisted mode
1. Attach the desired weight set to the crosshead. D o not accelerate 50 lb. (22.7 kg), 75
lb. (34 kg) or 100 lb. (45 kg) crosshead to velocities above 14.5 ft/s (4.4 m/s).
2. Set the top control pendent switch to M AN and PNEU. If the pneumatic clamp is
installed, set the clamp ON/OFF switch to ON.
3. Set the pneumatic assist air pressure using the regulator on the top of the rear motor
enclosure.
4.

Using the UP button, raise the crosshead to the top position.

5.

Remove any tools, other foreign objects, and the safety “H” bar from the enclosure
and close the doors. The ARM button illuminates.

6. Press and hold the ARM button. The audible alarm sounds.
7. W hile still holding the ARM button, press the FIRE button. The latch hook opens
allowing the crosshead to fall and strike the specimen.
8. Press the down button to retrieve the crosshead.

The latch m echanism stops

automatically and engages the crosshead.
9. Press the UP button to raise the crosshead to the desired height.
10. Insert safety “H ” bar and rem ove the specimen.
To operate the 8250 testing machine in pneum atically-assisted automatic mode:
1

Attach the desired weight set to the crosshead. Do not accelerate 50 lb. (22.7 kg), 75
lb. (34 kg) or 100 lb. (45 kg) crosshead to velocities above 14.5 ft/s (4.4 m/s).
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2

Set the top control pendent switches to AUTO, PNEU and, if a pneumatic clamp is
installed, set the clamp ON/OFF switch to ON. Note that when the AUTO button is
pressed, the crosshead autom atically rises to the top position.

3

Set the pneum atic assist air pressure, using the regulator on the top o f the rear motor
enclosure.

4

Remove any tools, other foreign objects, and the safety “H" bar from the enclosure
and close the doors. The ARM button illuminates.

5

Press and hold the ARM button. The audible alarm sounds.

6

W hile still holding the ARM button, press the FIRE button. The latch hook opens,
allowing the crosshead to fall and strike the specimen.

7

The latch assem bly autom atically retrieves the crosshead and raises it back to the top
position.

8

Insert safety “H ” bar.

9

Remove the specimen.

4.1.5 Impact Testing using 930-1 Software
Start the program by selecting its logo from the desktop screen or by selecting a short
cut from the “Start” program tree. W hen the 930-1 interface appears on the screen follow
the following steps;
1. Choose “Run the test” com m and by either clicking on appropriate button or by
following the com m and menu.
2. Make sure the name o f the previously created semp is chosen.
3. Choose “ 1” in the num ber o f test to run.
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4. Choose “NEW" in the “Save results to Batchset" window.
5. Choose sequence if there is a particular one created. Otherw ise stay with the default.
6. Click “OK". It w ill bring up the new Batchset dialog box. Assign a name to the batch
set.
7. Click “OK".

4.1.6 Data Manipulation.
W hile the data acquisition system is able to collect data, its ability to manipulate the
data is fairly limited. Once an experim ent is conducted, data will be transferred to Excel.
The data may be transferred to other software packages for further m anipulation if
needed. Data transfers must be verified for accuracy.

Control o f computers and

equipm ent containing data as well as safekeeping and security of data will be
accomplished in accordance with QAP-3.1, “Control of Electronic D ata.”
1. Form at” will appear. Choose “curve detail.”
2. A window titled “Export to File” will appear. Choose “ *.exp” format and name the
file. The file should be given a name that includes the test specimen unique
identification number.
3. Click “OK" to save the data
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CHAPTERS

DATA ANALYSIS PROCEDURE
This chapter presents a procedure for handling the data acquired from the Instron
Dynatup testing machine. This procedure is used to convert the raw data files from the
data acquisition software of Instron test system to mechanical properties o f the tested
material. The set of the procedures presented in this chapter includes measuring o f the
specim en after the test, data transfer from the acquisition software, initial data
manipulation, Instron test observations and data handling, com posite curve generation,
andveiificationofdata.

.Measurement o f the Specimen

5.1

The specimen is removed from the fixture after the com pletion of the test. The
specim en fragments are then m ated along the fracture surface and fixed in a soft m edium
such as play dough or molding clay. The reconnected specimen is used to take two
dimensions: total length of the specim en and the smallest final diam eter o f the specimen
in the necked region near the fracture surface. Obtaining these m easurem ents allows
calculation of the total elongation and reduction o f cross sectional area o f the specim en
using equations (5-1) and (5-2) accordingly.

gy

Z. - L
T

100%
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where l„ and If stand for the original and the final gage lengths o f the specimen.
A,, —A,
Jy = - \
^ 100%
A„

(5-2)

where A„ and Af stand for the original and the final cross sectional areas o f the specimen
measured within the gage of the specimen.

5.2.Data transfer
After completion o f the experim ent, the data file is im ported to M icrosoft Excel for
data analysis and evaluation. A t this stage it is necessary to ensure that all the data entries
o f the acquisition software are correctly recognized. The following steps are taken to
verify accuracy o f the data transfer process:
1. All the cells containing measurements are highlighted and specified as “N um ber”
entries in the ‘Form at cell’ menu command. This assures that all the relevant data are
recognized as numbers and mathem atical operations can be safely carried out without
possibility o f losing recorded data.
2. Visual inspection o f the exported file information is carried out. This assures that
there are no corrupted entries.
A number o f curves, such as, load verses time, load verses displacement, velocity verses
time, or energy verses time are plotted and checked for anom alies by visual inspection.
This step assures that the file does not contain erroneous values.
Accurately transferred and checked data is then saved with the same unique
identification num ber used for the tested specimen.
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5.3.Initial data manipulation
The Instron data files have the following colum ns o f data (units):
#

Load (Pounds)

Deflection (inches)
#

Time (milliseconds)

•

Energy (Pound-feet)

•

Velocity (Feet/second)
Rows containing negative values o f the measurements, except for the two rows

located before and after the positive load m easurem ents are eliminated. This allows for
decreasing the num ber o f points to ones that specifically corresponded to the test result
and removing num erous data points that represent the signal in the load cell before actual
specimen loading or after the fracture o f the specimen. The reduced data file is then used
to calculate a num ber of characteristics such as engineering strain, engineering stress,
strain rate and average strain rate. Upon com pletion of these calculations, an engineering
stress-strain curve is plotted. An exam ple of the stress-strain curve created using data
obtained on Instron test machine is shown in the Figure 5-1.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

66

strain (in/in)

Figure 5-1

Raw Engineering Stress-Strain Curve (#09TEn)

5.3.1 General O bservation o f the Instron Test Results.
A number o f observations were m ade during the initial stage o f testing.
1. It was noticed that load readings recorded by the data acquisition software o f the
Instron Dynatup impact machine showed three different types o f noise.
a.

M ost o f the plots had a single-peak wave that occurs at low stress values,
usually before the portion of the curve representing elastic region.

b.

All plots have a wave-type noise that took place around the highest stress
value and run throughout the plastic range. One such plot is shown in Figure
5-2. These curves exhibited an increase in stress m agnitude as the strain rate
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increased and had higher stress magnitudes for softer materials o f lower
strength and rigidity. The m agnitude o f the wave generally increased as
strain rate increased.
c.

Some o f the plots had a significant change in slope before the first peak in
the elastic region. One such plot is shown in Figure 5-3.

0 .0 5

Figure 5-2

0 .1 5

0.2

0 .2 5
strain (In/in)

0 .3

0 .3 5

0.4

0 .4 5

Raw Curve o f Typical Titanium Specim en (#08TEn)

2. The slope o f the linear curve in the raw curve that represented elastic region of
material behavior appeared to be a few orders of magnitude lower than the known
values of Y oung’s M odulus for the tested material. This observation could be
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explained by the fact that during initial loading, there m ight he some deformation
in the fixture.
3. The total elongation, acquired hy data acquisition software, was also greater than
the actual values computed based on the m easurem ents o f the broken specimen.

x10‘

0 .0 5

0 .1 5

0.2

0 .2 5

0 .3

0 .3 5

0.4

0 .4 5

strain (in/in)

Figure 5-3

Raw Curve o f Typical Titanium Specimen (#20TEn)

5.3.2 Instron Data Handling Steps
Inaccurate displacem ent m easurem ent of the Instron data acquisition system allowed
using an approach o f curve modification. The sequence o f steps needed to reach the
composite curve is described below:
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1. Yield strength o f the tested material was determined by averaging lower and upper
boundaries o f the yield strength region. As stated above, two different behaviors were
observed in the elastic region. Som e o f the plots were smooth in the elastic region and
some other plots had a bum p near the first peak in the elastic region. The
determination o f the lower boundary o f the yield strength is similar in both cases. But,
the determination of upper boundary is slightly different as described below.
The determination of lower boundary o f the yield strength is based on the stress-strain
curve corresponding to the elastic region. A subroutine is written in M atlab software,
w hich fits the elastic portion with a 6**" order polynomial. This is done to elim inate the
noise in the signal in the raw data. The routine also calculates the first derivative of the
data segment in the elastic region based on the fitted 6* order polynomial curve. The
portion of the curve used for the analysis and fitted by the 6* order polynom ial curve is
shown in Figure 5-4.

The global m axim um o f the first derivative o f the fitted curve

corresponds to the point of the stress-strain curve with maxim um slope value o f the
investigated stress-strain curve portion. The point o f the maxim um slope value that could
exist at different strains depends not only on material but also on strain rate represented
the lower boundary o f the yield strength region. Figure 5-5.
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Portion of the Engineering Stress-Strain Curve #08TEn
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In the cases w here the curve is smooth in the elastic region, the upper boundary was
determined by averaging the values of the first two extreme averages in the plastic
region. But in the cases where there is a bum p near the first peak in the elastic region, the
average o f the maximum value o f the bump and the first extreme average o f the plastic
region is the upper boundary o f the yield strength.
The average o f the upper and lower yield strength boundaries is computed and
accepted as yield strength of the material. Both procedures along with the plastic region
data analysis are shown in Figure 5-6 and Figure 5-7.
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Creation of the Com posite Curve for the Instron Test Results (Case 1)
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Upon obtaining the yield strength, the corresponding yield strain was redefined using
known relation between stress (a) and Y oung’s m odulus of elasticity (E):
G
£

=

—

E

(5-3)

Thus strain at yield established a needed reference point for shifting the rest of the
stress-strain curve and m odifying the entire range o f strain values.
2. The midpoints o f the plastic region waves were determined by averaging each two
consecutive extreme points.
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3. Ultimate strength o f the tested material was determined by selecting the maximum
average from a num ber o f values com puted in step 2.
5.4 Composite Curve
Upon completion o f data handling process and determination o f the yield strength and
strain corresponding to it along with the average values in the plastic region, a com posite
curve was created (Figure 5-8 & Figure 5-9). A com posite curve for the Instron test result
consisted of three segments.
1. First segm ent is a straight line that starts from (0,0) and ends at (Sy/E, Sy)
2. Second segment o f the curve is represented by the set of data points obtained by
averaging the extrem e points of the isolations.
3. Third segm ent o f the curve consisted of the data points collected by the data
acquisition software, which were added starting from the last average value and
ending at the last relevant data point.
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Figure 5-8

Composite Engineering Stress-Strain Curve (#08TEn)
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Figure 5-9

Com posite Engineering Stress-Strain Curve (#20TEn)

5.5

Verification o f the Results

The results acquired by creating the com posite curve using the data collected by the
data acquisition software are verified with the actual elongation o f the specimen. In other
words, the last data o f strain value in the com posite curve is com pared with the measured
value o f the elongation o f the broken specimen.
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CHAPTER 6

RESULTS
This chapter presents test results obtained using the Instron Dynatup impact test
machine. All tests were carried out according to the testing procedures described in
chapters 4. D ata handling is perform ed according to the data handling procedure
presented in chapter 5. Three candidate materials described in chapter 2 were tested at a
num ber of different strain rates and elevated tem peratures. Results presented in this
chapter show the change of mechanical properties o f m aterials depending on the strain
rate o f testing and temperature. Results o f individual specimens are shown in
APPENDIX IV.

6.1.Titanium G rade 7
Eighteen tensile Titanium specimens were tested to acquire mechanical properties of
this material at moderate strain rates and elevated temperatures. The following figures
summarize

the

experimental

results

obtained

during

77

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

testing.

78

Table 6-1
Symbol

Legend for Results Figures
Presented Result

A verage D ata Points o f the M aterial at Room Tem perature
A verage D ata Points o f the Material at 175 °F Tem perature
A verage D ata Points o f the M aterial at 350 °F Tem perature
Data Points o f the Material at Room Temperature
D ata Points of the M aterial at 175 °F Tem perature
Data Points o f the Material at 350 °F Temperature
Fitted Curve o f the M aterial Data Points at Room Tem perature
Fitted Curve o f the M aterial Data Points at 175 °F Tem perature
Fitted Curve o f the M aterial Data Points at 350 °F Tem perature
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Figure 6-1

V ariation o f Yield Strength with Strain Rate (Titanium)
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Figure 6-2

Variation o f the Ultimate Strength with Strain Rate (Titanium)
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Variation o f the Sy/Su ratio with Strain Rate (Titanium)
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Figure 6-4

Variation o f the Reduction in Area with Strain Rate (Titanium)
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Variation o f the Total Strain with Strain Rate (Titanium)
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V ariation o f the Strain at Su with Strain Rate (Titanium)
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Figure 6-7

Variation o f the Velocity with Strain Rate (Titanium)
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Figure 6-8

Variation o f the Strain Error with Strain Rate (Titanium)

6.2 Stainless Steel 316L
Eighteen tensile steel specimens were tested to acquire mechanical properties of this
material at moderate strain rates and elevated temperatures. The following figures
summarize the experimental results obtained during testing.
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Variation o f Yield Strength with Strain Rate (Steel)
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Figure 6-10 Variation o f the Ultimate Strength w ith Strain Rate (Steel)
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Figure 6-11 Variation o f the Sy/Su ratio with Strain Rate (Steel)
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Figure 6-12 Variation o f the Reduction o f Area with Strain Rate (Steel)
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Figure 6-13 Variation o f the Strain at Failure with Strain Rate (Steel)
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Figure 6-14 Variation of the Strain at Ultim ate Strength with Strain Rate (Steel)
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Figure 6-15 Variation o f the V elocity with Strain Rate (Steel)
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Figure 6-16 Variation of the Strain Error with Strain Rate (Steel)

6.3 A lloy 22
Eighteen tensile alloy 22 specimens were tested to acquire mechanical properties o f
this material at m oderate strain rates and elevated tem peratures. The following figures
summarize the results showing experimental results obtained during testing.
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Figure 6-17 Variation o f the Yield Strength with Strain Rate (Alloy 22)
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Figure 6-18 Variation o f the Ultim ate Strength with Strain Rate (Alloy 22)
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Figure 6-20 Variation o f the Reduction o f Area w ith Strain Rate (Alloy 22)
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Variation o f Strain at Failure with Strain Rate (Alloy 22)
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Figure 6-23 Variation o f the V elocity with Strain Rate (Alloy 22)
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Figure 6-24 Variation o f the Strain Error with Strain Rate (Alloy 22)
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CHAPTER?

SIMULATION OF EXPERIMENT USING FINITE ELEMENT ANALYSIS (FEA)
7.1

Objective of Analysis

The objective for FEA is to replicate testing o f specimens o f the three materials
(Titanium, Steel 316L and C22 alloy) and validate the results obtained experimentally in
moderate strain

rates under im pact loading.

The sim ulation uses the material

characteristics data obtained experim entally for the specimens. Additionally, a velocity
profile of the striker and the total time of testing are also inputs to simulation. These data
were generated during testing. Different loading conditions were considered to ensure
that FEA assum ptions are acceptable for different materials under different velocities of
impact. The actual displacem ent o f the specimen is monitored throughout the simulation
and compared to the actual elongation of the specimen.

7.2

Steps in finite Elem ent M odeling

Any finite elem ent simulation has three main stages;
#

Pre-processing

#

Solution

#

Post-processing

103
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Pre-processing includes creating initial geom etry of the m odeled object, inputting the
material characteristics, meshing, and giving boundary conditions. In this research, these
steps are done using ANSYS 6.0. The input file obtained from ANSYS is then m odified
to be compatible with LS-Dyna. The problem is then fed to LS-Dyna for solution. Postprocessing, or viewing the results can be done in Hyperview, ANSYS 6.0, or LS-POST.

7.2.1 Pre-processing
Initial Geom etry Creation;
For this problem , the following com ponents w ere generated; specimen, receiver and
the com plete_striker (with load cell, load cell extension rod, weights). A quarter model
with two planes o f symmetry is created. O riginally, a simplified model with specimen,
receiver and striker alone was created. This sim plified model, however, failed to give
reasonable results. A t this point, the model was m odified to keep all the com ponents of
the com plete_stnker along with the specim en holder and supports as shown in Figure 7-1
to account for wave propagation, which resulted in im proved results. The model was
again m odified by excluding the specimen holder and supporting parts as shown in
Figure 7-2. This modification didn’t affect the results significantly. Therefore, the lower
part o f the fixture was elim inated to reduce the com putational time in the rem ainder of
the chapter.
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Figure 7-1

Q uarter G eom etry M odel w ith Low er Fixture
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Figure 7-2

Q uarter G eom etry M odel w ithout the L ow er Fixture (Final M odel)
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a. Material Characteristics
Specimen: Initially, material properties of the specim en were defined using bilinear
plastic model in term s o f m odulus o f elasticity, yield strength and tangent m odulus to
define the plasticity. However, this approach was insufficient to provide accurate results,
as the experiments show that the three materials in the plastic region significantly differ
from a straight line. Also earlier, inclusion o f failure strain in the material definition
resulted in prem ature fracture of specim en than in reality. The specimen was then defined
using a true stress-true strain curve for the plastic region. The corresponding LS-D yna
card is M AT_P1ECEW 1SE_LINEAR_PLASTICITY [25]. The yield strength and the true
stress-true strain curve are obtained from the experim ental data. Table 7-1 lists the
material input for the three m aterials apart from the eight points for the plastic region.
Figure 7-3 through Figure 7-5 show the com parison o f LS-D yna input (using eight
points) to actual composite curve o f typical titanium, steel and alloy 22 material obtained
experimentally.

Table 7-1
M aterial

ID

M aterial Input for the Specimen (Units)

Density

Young’s

Poison’s

Yield

Tangent

Failure

(lb-sec^/ in"^)

modulus

Ratio

Strength

modulus

strain

(lb/in-)

(Ib/in^)

(Ib/in^)
Titanium

2

0.414E-03

0.15E+08

0.33

-

-

-

Steel

2

0.735E-03

0.29E4O8

0.33

-

-

-

C22 A lloy

2

0.805E-03

0.30E+08

0.33

-

-

-
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C o m p a riso n o f E x p erim en tal C o m p o sitiv e C urve w ith L S -D y n a Input D a ta for a T ita n iu m S pecim en

(#05TEn)

100000

■

80000 -

Cu
Experim ental D ata

60000

LS -D yna Input

40000 -

20000

-

0.05

0 .1 5

0.2

0.3

T ru e P la stic S train (in /in )

Figure 7-3

Com parison of M aterial Characteristic Curve for a Titanium Specimen.
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Figure 7-4

Com parison o f the M aterial Characteristic Curves for a Steel Specimen
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Figure 7-5

Comparison o f M aterial C haracteristic Curves for an Alloy 22 specimen

Receiver: The receiver was initially defined as a rigid material. But since it was
suspected that the receiver absorbs some energy in actual testing, its material was defined
as plastic material to make it more realistic. This m oved FEA results closer to
experimental response. Table 7-2 lists the m aterial input for the receiver. The material
properties correspond to stainless steel 4130. The corresponding LS-Dyna card is
M AT_PLASTIC_KINEM ATIC [25].
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Table 7-2
ID

M aterial Input for the Receiver

Density

Young's

Poisson's

Yield

Tangent

(Ib-sec^/in^)

modulus

Ratio

Strength

modulus

(Ib/in^)

(lb/in3

0.120E+09

0.200E+06

(Ib/in^)
0.735E-03

0.29E+O8

0.33

1.0

(* Strain hardening exponent)

Striker: Tw o cases were tested for the com plete_striker part by defining it as a rigid
material and plastic_kinematic material respectively. Since using either model didn’t
make any significant effect on the results, striker was defined as a M AT_RIGID [25] to
reduce computational time. In actual testing, the striker is associated with a 100 lb weight
which was realized in finite elem ent simulation by adjusting the density appropriately.
Appendix III. Table 7-3 lists the material input for the striker.

Table 7-3
ID

M aterial Input for the Striker

Density

Young's

Poisson's

Yield

Tangent

(lb-sec Vin'^)

modulus

Ratio

Strength

modulus

(lb/in-)

(lb/in-)

(Ib/in^)
0.5445E-03

0.290E+08

(* Strain hardening exponent)
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b. Meshing
The entire geom etry was first m eshed with a relatively coarse size. A more refined
mesh in the gage section o f the specimen was later created since this region experiences
significant reduction o f area during necking. This refinement was done iteratively till
consistent results were obtained. Figure 7-6 shows the initial mesh o f the gage section
with 20 divisions over its length. Figure 7-7 shows the Anal meshing with 50 divisions
over the gage length. This number is achieved after four iterations. Further increase in the
mesh size in this region didn’t change the results significantly. Thus, 50 divisions over
the gage length is considered as the most appropriate mesh.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

113

g

Figure 7-6

Refinement of M esh with 20 divisions in the Gage Section
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Figure 7-7

Refinem ent o f M esh w ith 50 divisions in the Gage Section
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c. Boundary Conditions
Contact Definition;
In experimental setup, upper and low er ends of the specim en are threaded to the
receiver and specim en holder respectively. The striker im pacts the receiver, which
transmits the impact to the spiecimen. The specimen holder keeps the specimen fixed at
the top, subjecting the specim en to tension. These conditions can be achieved in
simulation by using the appropriate boundary conditions. Therefore, nodes on the upper
surface of the specim en are com pletely fixed. The com plete_striker is allowed to move
only in y-direction. Tw o types o f contact definitions describe other boundary conditions,
which are described as follows:
Contact A: The low er surface o f the specimen is tied to the receiver upper surface to
transmit tension as the striker impacts the receiver. So, a tied surface-to-surface boundary
condition is specified between specimen lower surface and the upper surface o f the
receiver. (Command: CO NTACT_TIED _SURFA CE_ TO _ SURFACE). In these contact
types, the slave nodes (specimen) are constrained to m ove with the master nodes
(receiver). Figure 7-8. At the beginning of the simulation, the nearest master segment for
each slave node is located based on an orthogonal projection o f the slave node to the
master segment. As the simulation progresses, the isoparam etric position of the slave
node with respect to its m aster node is held fixed using kinem atic constraint equations. In
general practice, the contact is defined using node/segm ent sets rather than part ids to
make sure that the part is not overly constrained. In this case, the slave and the master
nodes are the specim en low er surface and receiver upper surface nodes respectively.
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These surface nodes are selected using the DEFINE_BOX command. By specifying
the X, y and z-direction co-ordinates o f the box, all the nodes within the box are selected.
Contact B: By choosing appropriate contact condition between the striker surface and
the receiver ensures that the nodes o f the striker or the receiver do not penetrate each
other during simulation. The striker (master) and the receiver (slave) are given automatic
surface-to-surface definition. (Comm and: CONTACT_AUTOM AT1C_SURFACE_ T 0 _
SURFACE), Figure 7-9. This definition checks two-way penetration i.e. slave nodes and
m aster nodes penetration. It allows the transfer o f loads from the slave nodes to the
m aster nodes w ithout penetration. Thus the velocity of the striker is im parted to the
receiver, which in turn leads to tension loading to the specimen. In this case, the slave
and the master nodes are the receiver upper surface and striker low er surface nodes
respectively. These surface nodes are selected using the D EFINE_BOX com mand. By
specifying the x, y and z-direction co-ordinates o f the box, all the nodes within the box
are selected.
Velocity Definition:
Initial velocity o f the striker, as obtained experimentally, was originally applied to the
complete_striker part. This resulted in larger displacement o f the specimen, as the FEA
model didn’t reduce the initial velocity significantly over time, as could be seen in the
experiment. Since this reduction was not reflected in the simulation, a velocity profile
w ith respect to time had to be defined. This profile is obtained from the data acquisition
software excluding the initial phase that was caused by the flexibility o f the fixture.
To summarize, the following boundary conditions were applied to the model:
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1. The whole system is reduced to a quarter model using two planes o f symmetry as
shown in Figure 7-9.
2. All degrees o f freedom are fixed at the upper surface o f the specimen.
3. Tied surface-to-surface contact boundary conditions betw een the specimen and
the receiver.
4.

Automatic surface-to-surface contact boundary condition between the striker and
the receiver.

5. Velocity profile to the complete_striker. This profile for all the three materials are
shown from Figure 7-10 through Figure 7-12.
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Figure 7-10

Velocity Profile o f a Titanium Specimen (#05TEn)
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Figure 7-11

V elocity Profile o f a Steel Specimen (#04SEn)
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Figure 7-12

Velocity Profile o f an A lloy 22 Specimen (#02CEn)

7.2.2 Solution
LS-D yna is a general purpose finite elem ent code for analyzing the large deformation
dynamic response o f structures. The main solution m ethodology is based on explicit time
integration. LS-D yna currently contains approxim ately one hundred constitutive models
and ten equations-of-state to cover wide range o f material behavior. Specialized
capabilities for airbags, sensors, and seatbelts have tailored LS-D yna applications in the
automotive industry. A contact-im pact algorithm allows difficult contact problem s to be
easily treated, [25]. Other param eters to be specified before running the solution are:
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1. Specifying the total time o f simulation (Termination Time), which is as obtained from
the experimental data in this case.
Specifying the type and frequency o f generating the output files. In this problem , two
database options are specified. Table 7-4 lists the frequency o f the following output files
for the three materials tested along with the total time o f tests.
Command; D A TA BA SE_BIN A RY _D EPLO T: This creates a database file, named,
"d3plof% which contains the plotting information o f the plot data over the three
dimensional geom etry of the model. U nder this option, the user can specify the frequency
o f the outputs. In other words, the frequency w ith which the plot data can be generated.
Careful selection o f this frequency, depending on the total time o f simulation, reduces
simulation time.
Command: DATABASE_BINARY_D3THDT: This generates a database file, named,
“d3thdt”, which contains time history data of element subsets or global information.
Under this option too, the frequency o f output can be specified.
This input file thus generated is fed to LS-D yna solver.

Table 7-4

Matetial

Database specifications for the Three M aterials

Total Tim e of

"d3plot"File

"d3hdt" File

Simulation (sec)

Frequency (sec'*)

Frequency (sec"*)

Titanium

0.31E-02

0.31E-04

0.31E-05

Stainless steel

0.49E-02

0.49E-04

0.49E-05

C22 alloy

0.56E-02

0.56E-04

0.56E-05
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7.2.3 Post processing
Once the problem is successfully solved in LS-Dyna, results can be viewed in many
software programs like Hyperview, Ansys, LS-POST, etc. Hyperview was chosen for this
problem. LS-D yna outputs a dSplot output file, which is com patible with Hyperview.
Once this file is loaded. Hyperview allows viewing the nodal and elemental results.
Figure 7-13 shows a typical displacement contour plot o f steel specimen (#04SEn) that
was im pact loaded by the com plete_striker part from a height o f 4.0 in (4.64 ft/sec). The
displacement contour shown is at the end o f the simulation, w hich corresponds to the end
o f actual testing. The maxim um displacement of the receiver, in turn o f the specimen as
0.2267 in is shown in red in Figure 7-13.
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Figure 7-14 shows the Von-M ises stress contour o f the same steel specimen. The
contour is at 2.498 milliseconds after the start o f the simulation, when the specimen was
experiencing ultim ate stress throughout the specimen gage length. It should also be noted
that there are not significant stress distribution in any other part other than the specimen.
This was one o f the criteria when the fixture for the specimen was designed. Figure 7-15
shows comparison o f the deformation o f the steel specimen obtained experimentally and
using LS-Dyna finite elem ent analysis.
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Figure 7-15

Displacem ent H istory for a Steel Specimen (#04SEn)

The above analysis was done to the other two materials too, namely, Titanium Grade
7 and A lloy 22. The deformation of these m aterials, as com pared with the experimental
data is shown in Figure 7-16 and Figure 7-17.
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Figure 7-16

D isplacem ent H istory for a Titanium Specimen (#05TEn)
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Figure 7-17

D isplacem ent History for an Alloy 22 Specimen (#02CEn)
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7.3 Comparison o f FEA Results To Room Temperature
Experim ental Results
The finite element results obtained from LS-Dyna (Dynamic analysis software) were
com pared with that obtained experim entally at room temperature. In other words, the
total displacement, obtained using LS-Dyna is compared with the actual deformation o f
the tested specimen. Table 7-5 shows the loading condition, displacement values obtained
in both cases and the percentage o f error.

Table 7-5
M aterial

Comparison of Experim ental Results with LS-Dyna Results
Height

M easured

Corresponding FEA

(in)

Elongation at

Displacement (in)

% Error

Failure (in)

Titanium
3.0

0.1202

0.1290

6.82

4.0

0.2146

0.2267

5.33

4.5

0.2205

0.2435

9.44

(#05TEn)

Steel 316L
(#04SEn)

C22 Alloy
(#02CEn)
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CHAPTER 8

CONCLUSIONS A ND RECOMENDATIONS
8.1

Conclusions

Spent nuclear fuel package is used to carry either uncanistered spent nuclear fuel,
canisterered spent nuclear fuel, or high-level radioactive waste. It has to maintain its
integrity in case of accidents, w here it m ay be subjected to high loads over very short
period of time. Three candidate materials for the package were selected, namely.
Titanium Grade 7, Stainless steel 316 L and Alloy 22 due to their strength and corrosion
resistance.

Extensive

literature

survey

failed

to provide

any relevant material

characteristics o f these materials under im pact loading at elevated temperatures. The
objective o f this thesis is to provide the dynamic properties of these materials
experimentally.
Since this project is a continuation o f experimental characterization o f the three
materials at room temperature [15], the same specimen size and the testing equipments
(MTS Axial/Torsional Testing M achine and Instron Dynatup Testing machine) were used
to ensure consistency. However, environm ental chambers of these testing machines were
utilized for elevated temperature testing.
Room temperature test fixtures o f the m achines were not com patible with the elevated
temperature testing chambers. Therefore, custom ized test fixtures for both the machines
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were designed, with design criteria as fixture simplicity and minimal assembly time. A
procedure was also developed to m onitor the specim en tem perature and ensure that the
specimen is heated to a steady state temperature within 2% o f the target temperature.
After evaluating num erous tests, a data analysis procedure was developed which
converts the raw data obtained from the data acquisition system to material characteristics
(engineering stress-engineering strain curve) o f the specimen material. Tests were done at
three different strain rates at room, 175 °F and 350 °F temperatures for the three
candidate materials. The following observations are made with the results obtained.
•

Titanium, for all the three temperatures, nam ely room, 175 °F and 350 °F, had an
increase in the yield and ultimate strength values with strain rate. The strain at
failure values also increased w ith strain rate, but not significantly. There was a
significant decrease in yield and ultimate strength values with temperature for all
the strain rates at 175 °F and

350 °F. The strain at failure increased with

temperature for all the strain rates, but a significant increase was observed from
175 °F to 350 °F. In other words, the yield and ultimate strength of titanium is
sensitive at 175 °F and 350 °F. The strain at failure is more sensitive at 350 °F
than at 175 °F.
•

Stainless Steel, for all the three temperatures, had an increase in the yield and
ultimate strength values with strain rate. The strain at failure values also increased
with strain rate, but not significantly. There was a significant decrease in yield
and ultim ate strength values with temperature for all the strain rates especially
from 175 °F to 350 °F. The strain at failure decreased w ith temperature for all the
strain rates, but a significant decrease was observed from 175 °F to 350 °F. In
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other words, the yield strength o f steel is more sensitive at 350 °F than at 175 F,
but the ultimate strength is sensitive at 175 °F and 350 °F. The strain at failure is
sensitive at 350 °F.
#

Alloy 22, for all the three temperatures had an increase in the yield and ultimate
strength values with strain rate. The strain at failure values also increased with
strain rate, but not significantly. There was a significant decrease in yield and
ultimate strength values with temperature for all the strain rates especially from
175 °F to 350 °F. The strain at failure increased with temperature for all the strain
rates, but a significant increase was observed at 175 °F. The values practically
didn’t change between 175 °F and 350 °F. In other words, the yield and ultimate
strength o f alloy 22 are more sensitive at 350 °F than at 175 °F, but the total strain
is sensitive at 175 °F.

To summarize, the yield and ultim ate strength o f the three materials decrease with
temperature. The possible explanation for this behavior is as temperature increases, the
material becom es softer and thus loses its strength. Results also show that strain at failure
increases with temperature for Titanium and Alloy 22 samples, but decreases with
temperature for stainless steel 316L samples. This pattern is analogous to that o f static
tensile testing o f similar materials shown in [2] and other related literature.
To validate the results obtained experim entally, finite element analysis using LSDyna was performed. The material characteristics o f the specimen, as obtained
experimentally, were input to the model. Also, the loading conditions, i.e., velocity
profile and the total time of simulation are input to the model, as obtained during actual
testing. Different loading conditions were applied for each o f the three materials, to
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ensure that the FEA assumptions are independent o f the material or the loading
conditions. The final displacem ent and the displacem ent history obtained from LS-D yna
were then com pared with the experim ental results. The difference between the
experimental and FEA results for the three m aterials are within 10%.

8.2

Recom mendations

This project is the first phase of elevated temperature testing o f the three candidate
materials. The following recom m endations can make the work m ore useful.
•

To use M TS Axial/Torsion testing equipm ent to test m aterials at slow strain rates.
This will help in obtaining the dynamic properties over a wide range o f strain rates, at
elevated temperatures.

•

To use finite elem ent analysis to validate the results obtained at elevated temperatures
for both im pact and slow strain rate tests.

•

To use finite elem ent analysis alone to test for other materials and other loading
conditions, without actual experiments. .Also, extend the analysis to notched
specimens.

•

Finally, drop a full model o f the package and validate the results obtained
experimentally and analytically.
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One o f the design considerations for the Instron fixture is to give enough
clearance for m axim um deflection o f the specim en. This implies that the height o f the
fixture should be optimum. There are two constraints for the height o f the fixture. The
following figure illustrates the two constraints and shows the limits o f the height values.
Given the two extremes of the height values, the optimum value of the height is taken as
the average o f the two extremes.
1. W hen the specimen is at maxim um deflection, the striker should not contact the
fixture. This constraints free m ovem ent o f the striker during the testing.
2. The striker should not hit the brakes before the specimen is broken. If the striker hits
the brakes, the brakes absorb m ost o f energy o f the striker. This leads to inaccurate
results as the specimen is subjected to less am ount o f load than it should.
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Constraints of Height of Instron Fixture

Also, as stated in the design criteria in chapter 3, the new fixture has to be compatible
with the existing fixture. The entire design o f the fixture is shown in the following figure.
The sequence o f steps of m anufacturing the new fixture are shown in the figures
followed.

The last Figure shows the three-dim ensional view o f the fixture with the

existing fixture (specimen holder).
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In actual testing, the specimen and the fixture are placed inside the environmental
chamber of either machine. Each environm ental cham ber is equipped by a temperature
sensor. Since this sensor is not placed at the location o f the specimen, its reading may not
indicate the temperature o f the specimen. To determine the time taken by the specimen to
reach steady state temperature, once the cham ber starts heating, the following procedure
was adopted:
As shown in the following figure, a 0.07 in hole is drilled in the center of the
specimen half way through (a). A side slot (b) is drilled for the thermocouple wire to slip
through it. The diam eter and the size o f the hole and slot are determ ined by the minimum
diameter of the therm ocouple wire that can slip through when the specim en is threaded to
fixture. The hole (a) is drilled half way through the specimen length because it is assumed
that if the specimen reaches steady state temperature at the center, uniform temperature
prevails throughout the specim en length.
One specimen each o f three different m aterials is drilled as shown above. The same
specimens were used for both Instron and M TS environm ental cham ber for consistency.
Since the behavior o f the two chambers corresponding to two machines is different, the
time taken for the specimen to reach the steady state also varies.
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(a)

Specimen with Drilled Hole and a Side Slot Used for Temperature Testing

MTS Procedure:
After the specimen is attached to the fixture, the cham ber door is closed and heating
to any target temperature starts. Prelim inary tests showed that when the target
temperature is set to the controller of the M TS environmental chamber, the specimen
never reached within 2% of the target tem perature. In other words, the specimen reached
steady state at a lower temperature than the target temperature. This necessitated setting
the controller temperature at a higher tem perature to ensure that the specim en can reach
the target temperature. The controller set point temperature was determined after iterative
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experiments. The figures show the com parison of temperature versus time history for the
specimen and the environm ental cham ber for the three candidate m aterials at 175 °F. To
ensure consistency, for each temperature, the experiment was repeated three times for
each material. From the three sets, the set that takes the longest time to reach within 2%
o f the desired tem perature is chosen. This is the minimum time taken by the specimen to
reach the target temperature. The same procedure is repeated for 350 °F. Table II-1 shows
the summary o f the time taken by the three material specimens to reach within 2% o f the
target temperature.
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Table II-1 Summary o f Tem perature Testing in MTS Environmental Cham ber
M inim um Tim e to Reach

Environmental

Target Tem perature

Chamber Set Point

(Minutes)

Temp (°F)

Target Temperature
M aterial
in Sample (°F)

Titanium

175

150

250

Titanium

350

190

520

Steel 316L

175

130

255

Steel 316L

350

175

530

AUoy 22

175

165

255

AUoy 22

350

190

523
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Instron Procedure:
After the specimen is attached to the fixture, the cham ber door is closed and heating
to any desired temperature starts. Unlike MTS environmental chamber, when the target
temperature is set to the controller, the specimen reaches steady state within 2% o f the set
point temperature after some time. So, the target temperature and the set point
temperature o f the controller are the same. The figures show the comparison o f
temperature versus time history for the specim en and the environm ental cham ber for the
three candidate materials at 175 °F. To ensure consistency, for each temperature, the
experiment was repeated three times for each material. From the three sets, the set that
takes the longest time to reach within 2% o f the desired temperature is chosen. This is the
minimum time taken by the specimen to reach the target temperature. The same
proeedure is repeated for 350 °F. Table II-2 shows the summary o f the time taken by the
three material specimens to reach within 2% o f the target temperature.
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Table IT 2 Summary o f Tem perature Testing in Instron Environmental Chamber

Set point

Temperature

temperature

attained by the

(°F)

specimen (°F)

Titanium

175

172

90

Titanium

350

344

150

Steel316L

175"

172

80

Steel316L

350

344

160

Alloy 22

175

172

75

Alloy 22

350

344

150

M aterial

Tim e (Mins)

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

APPEND IX n i
D ensity Calculation for the Striker

157

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

158

In actual testing, the striker is connected to a load cell, which in turn is attached to an
extension rod, which in turn is attached to a weight of 100 lb. W hen the striker is
dropped, all the other components attached also drop. To accurately simulate in LS-Dyna,
the density o f the weights and striker are adjusted to give them the same mass. Since the
model was a quarter section, only 25 lb has been considered due to symmetry. The
volum es of the modeled com ponents is obtained as follows:
a) Volume o f the striker: 0.1005 in^
b) Volume of extension rod and load cell: 4.5 in^
c) Volume o f the weights: 114.22 in^
Total volume o f (a), (b), and (c) is 118.82 in^
Specific w eight of the complete_striker com ponent = W eight / volume
= 2 5 / 118.82 lb/in^
Density o f the com plete_striker com ponent in lb-secVin'^ = 5.445 x 10
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